SUMMARY: The occurrence of hybridisation between limpet species of the genus Patella has always been a contentious issue. Although a previous allozyme study reported high differentiation and no hybridisation between Patella vulgata Linnaeus, 1758, Patella depressa Pennant, 1777 and Patella ulyssiponensis Gmelin, 1791 along English shores, the recent finding of an mtDNA haplotype of P. depressa in a P. vulgata individual raised new doubts on this issue. To further study the possibility of hybridisation between limpet species and their level of genetic differentiation, ten allozyme loci were screened using starch gel electrophoresis for P. ulyssiponensis, P. depressa, P. vulgata and Patella rustica Linnaeus, 1758, from the Atlantic coast of the Iberian Peninsula. Our results show high differentiation between species, which could be clearly separated into different clusters with a Bayesian clustering algorithm. No significant signs of hybridisation were detected between any of the four species. Thus, the hypothesis of hybridisation between P. vulgata and P. depressa across their sympatric distribution is not supported. Two sympatric clusters were recovered within P. vulgata that could be related to HardyWeinberg disequilibrium found in locus MPI. Finally, due to the high level of intraspecific variability, the studied loci are interesting tools for the analysis of population structure and stock identification.
characters such as the colour of the foot and paleal tentacles, the colour and shape of the internal and external parts of the shell and the radular teeth morphology (Fischer-Piette and Gaillard, 1959) . However, most of these characters show high morphological plasticity and are influenced by environmental conditions (Branch, 1981) , leading to an overlap of states between different species (see for example Mauro et al., 2003) . This complex pattern of morphological variation has been the cause of great disagreements on the taxonomy of this genus, with different authors considering different numbers of species depending on the set of characters used (see reviews in Christiaens, 1973; Titselaar, 1998 and Gaffney, 1980) .
The possibility of hybridisation between species is another contentious issue in the taxonomy of the genus Patella. Some authors consider the occurrence of individuals with intermediate characteristics as the result of hybridisation (Fretter and Graham, 1976) , while others argue that the putative "hybrids" result from the accentuated morphological plasticity of these species (Titselaar, 1998) . A recent study based on two mitochondrial genes (Koufopanou et al., 1999) revealed a haplotype in Patella vulgata Linnaeus, 1758 very similar to those found in Patella depressa Pennant, 1777. This haplotype was later confirmed to belong to the clade of P. depressa and to be very distinct from those found in P. vulgata (Sá-Pinto et al., 2005) . These results point either to the occurrence of a recent hybridisation event between the two species or to a sample misidentification or contamination in the work of Koufopanou et al. (1999) . Although no signs of introgression between the two species were found by Sá-Pinto et al. (2005) , the low sample size prevents a clear picture from being drawn from this study and highlights the need for further studies involving nuclear markers and larger sample sizes.
Allozymes are particularly suitable markers for analysing hybridisation between well-differentiated species. The low mutation rate makes these markers less susceptible to the confounding effects of homoplasia that was shown to affect faster evolving markers such as microsatellites (Estoup et al., 1995) . Although other nuclear markers such as SNPs and nuclear sequences are becoming increasingly used, an initial scan of large amounts of the genome is needed, which may be a difficult task in species for which little genomic information is available. Allozymes have already been successfully used to discriminate species of the genus Patella, to study taxonomic problems within the genus (Gaffney, 1980; Côrte-Real et al, 1992; Sella et al., 1993; Côrte-Real et al, 1996a and 1996b; Weber et al., 1997; Weber and Hawkins, 2002; Mauro et al., 2003; Weber and Hawkins, 2005) and to study genetic substructuring within species (Hurst and Skibinski, 1995; Weber et al., 1998; Mauro et al. 2001; Hawkins, 2005 and . These markers have also been used to study hybridisation between P. depressa, Patella ulyssiponensis Roding 1798 and P. vulgata in southwest England (Gaffney, 1980) . In this study, high differentiation and no evidence of hybridisation between the three species was found. However, these species also occur in sympatry on the Atlantic shores of the Iberian Peninsula, where ecological features differ from those found in England, as is shown by the occurrence of Patella rustica Linnaeus, 1758 in the former area but not in the latter (for P. rustica distribution see review in Lima et al., 2006) . These different ecological conditions could favour hybridisation or hybrid survival in the Iberian Peninsula but not in England, as has already been shown to occur in other animal species (Borge et al. 2005) . This would explain the findings of introgressed mtDNA despite the apparent absence of hybridisation in England.
To test this hypothesis we analysed ten allozyme loci in Iberian populations of P. vulgata and P. depressa. Additionally, we studied Iberian populations of P. ulyssiponensis and P. rustica to check for hybridisation between all intertidal limpet species present in this area.
MATERIAL AND METHODS

Data collection
Three locations from the western coast of Portugal were sampled for P. vulgata, P. ulyssiponensis and P. depressa. Since P. rustica is very rare in the northern part of this area (see Lima et al., 2006) , samples of this species were only collected from two locations in the southern part of this range. The sampling locations are shown in Figure 1 .
Individual limpets were identified through the analysis of morphological characters (Christiaens, 1973) . All specimens were taken alive to the laboratory where they were immediately dissected and stored at -80ºC.
To obtain tissue extracts, a portion of the foot muscle was ground in about the same volume of homogenising buffer (Weber et al., 1998) . The tissue cells were then lysated by sonication, during which homogenates were submerged in ice to avoid heat inactivation of enzymes. A centrifugation was performed at 17530 g for 15 minutes at -4ºC. The supernatants were collected and treated with a final concentration of 28 mM of DTT for one hour at 37ºC. Samples were then applied to a 15% (w/v) starch gel in a 1:1 sephadex medium. Electrophoreses were performed at 8ºC for 16 to 17 hours at 5.5 to 6.0 V/cm.
From the enzymatic systems tested, ten loci showed polymorphism and a consistent pattern of bands and were selected for subsequent analysis: Malate dehydrogenase (MDH, EC: 1.1.1.37), Malic enzyme (ME, EC: 1. (GPI, EC: 5.3.1.9) . Three different buffer systems were used: i) citrate-NaOH-His/HCl, pH 6.0 (Ferrand and Amorim, 1990) for MDH, IDH, NP, GOT, PGM and GPI; ii) tris-NaH 2 PO 4 , pH 7.6 (Branco et al., 1999) for ME and PEPD; and iii) triscitrate, pH 7.6 (Amorim and Siebert, 1982) for MPI and PGD. The enzymatic detection of all loci was carried out using the staining methods described by Harris and Hopkinson (1976) . For PepD the substrate used was phenylalanyl-proline. Staining solutions were mixed with 20 ml of agarose 10% (w/v) and applied to the gels.
Data analyses
Allelic frequencies, expected heterozygosity (He), observed heterozygosity (Ho), proportion of polymorphic loci at 0.99 polymorphism criterion (P 99 ) and Fis values were calculated using the GENETIX software package (Belkhirt, 1996) . The same program was used to test whether the Fis values obtained for each locus and each species were significantly different from those expected by chance in a population at Hardy-Weinberg equilibrium (HW). Exact-tests (Raymond and Rousset, 1995a ) available on the GENEPOP software (v.3.1b; Raymond and Rousset, 1995b) were performed to test for significant deviations to HW and Linkage equilibria, for the occurrence of heterozygote deficiency and for genic and genotypic differentiation between samples of each species.
The values of allelic richness for each locus were calculated for a sample size of 42 genes (A (42) ) using the CONTRIB software (Petit et al., 1998) and mean values of allelic richness for each species were calculated manually.
To assess the reliability of the genetic markers to discriminate between the four species and to infer the proportion of each individual's genome assigned to each species, we used the Bayesian clustering approach implemented in the BAPS v4.14 program (Corander and Marttinen, 2006) . This methodology assigns samples to clusters minimising HW and linkage disequilibria (Corander et al., 2003) and calculates the admixture observed in each individual's genome. It starts by estimating the most likely number of clusters (K) present in a given dataset, by integrating over all possible K (until a maximum K provided by the user). The proportion of each individual's genome assigned to each cluster is calculated in a second step together with the probability of the admixture observed in a given individual. This last value consists of the proportion of reference individuals simulated for the cluster to which a given individual is initially assigned, with a lower or equal proportion of their genome assigned to that cluster.
For the present analysis, 10 runs were performed with 20 replicates each, with maximum K set to 15 clusters. The admixture proportions were then calculated using the clusters previously inferred. To check whether the admixture results were consistent, 10 different runs were performed, with 10000 iterations, 500 simulated reference individuals and 20 iterations for reference individuals. For each run, the minimum number of individuals in each cluster for it to be considered in admixture analyses was set to one. GENDIST in the PHYLIP software package (v.3.5; Felsenstein, 1993 ) was used to calculate Nei's standard genetic distance (Nei, 1972) between species.
RESULTS
Genetic variability
The estimated allelic frequencies and number of individuals analysed per location and per locus are shown in Appendix 1.
Observed electrophoretic patterns conformed to the simple model of inheritance of codominant alleles in autosomal loci coding for proteins of monomeric (MPI and PGM), dimeric (PGD, PEPD, IDH, MDH, GOT and GPI), trimeric (NP) and tetrameric (ME) quaternary structures. Due to the difficulties involved in the captive breeding of Patella limpets, no progeny testing was carried out to confirm the mode of inheritance. All loci were in agreement with HW expectations (p>0.01), with the exception of MPI in P. vulgata in Moledo and Monte Clérigo, (p<0.01). The deviations from HW equilibrium observed in P. vulgata were due to a significant deficit of heterozygotes (p<0.01). P. vulgata is also the only species that shows Fis values significantly different from zero (Table 1) . None of the species showed significant deviations from linkage equilibrium between any pair of loci across all populations (p>0.01). With the exception of MPI in P. vulgata, no genic or genotypic differentiations were observed between the locations sampled for each species (p>0.01).
All loci were polymorphic at the interspecific level, with different degrees of polymorphism found at the intraspecific level. In P. depressa fixed alleles were detected at loci MPI, ME and IDH, with the remaining loci having between two (MDH and GOT) and eight alleles (in PGM). For P. vulgata, only one allele was found at the MDH and GOT loci. The number of alleles found at the other loci varied from two, in IDH, to eight, in PGM. In P.
ulyssiponensis only PGD showed a unique allele, with the other loci having between two (IDH, MPI and NP) and six alleles (GPI, PGM and PEP D). In P. rustica a fixed allele was found in IDH, GOT and MDH, the remaining loci showing a maximum of four alleles (PGM and NP). The values of He, Ho, A (42) and P 99 obtained for each species are shown in Table 1 .
A total of 89 alleles were detected across all species and loci. From these 89 alleles, 66 were species-specific, and among the 23 shared alleles 10 were shared only by two species, with a frequency of less than 0.1 in at least one of them (see Appendix 1). Two loci were shown to be diagnostic between species (MPI and MDH), one of which (MPI) was already reported by Gaffney (1980) for P. vulgata, P. depressa and P. ulyssiponensis from southwest England and by Sella et al. (1993) for P. ulyssiponensis, P. rustica and Patella caerulea Linnaeus, 1758 from the Mediterranean Sea.
Bayesian clustering analysis and admixture
All the runs of BAPS converged to the same result concerning the most probable number of clusters present in the data set, although three different solutions were recovered for the assignment of individuals to each of these clusters. According to these results, the most probable number of clusters in the dataset was five, three of them corresponding to individuals morphologically identified as P. depressa, P. ulyssiponensis and P. rustica and the remaining two corresponding to individuals identified as P. vulgata. The three different outcomes obtained corresponded to alternative ways of grouping P. vulgata individuals into these two clusters. The solution with the highest marginal likelihood (log of marginal likelihood = -2175.0523) was chosen to perform subsequent admixture analysis. All ten runs performed for inferring the admixture proportions returned similar results, with maximum variations of 0.01 in the proportion of each individual's genome assigned to a given species and in the admixture probability inferred for each individual. For this reason, we focused only on one of these runs. With the exception of P. vulgata, all individuals morphologically identified as belonging to a species clustered together with no less than 90% of their nuclear genome assigned to that species (Fig. 2) . The individuals morphologically identified as P. vulgata were divided into two clusters, PvA and PvB, both present in the three locations. PvA was the most frequent cluster in Moledo (proportion of individuals mostly assigned to PvA was 0.7) but the two clusters were almost equally common in Aguda and Monte Clérigo (the proportions of individuals mostly assigned to PvA were 0.55 and 0.5 respectively, see Figure 2 ). Although PvB is in agreement with HW expectations for all loci (p>0.01), PvA still exhibited significant deviations from HW expectations for MPI (p<0.01), due to a significant deficit of heterozygotes (p<0.01). PvA and PvB showed significant genic and genotypic differentiation for MPI and PGD loci (p<0.01). If the two clusters obtained within P. vulgata were joined into a single one, the vast majority of individuals analysed had a minimum of 95% of their genome assigned to the correct species (98% of P. depressa samples, 100% of P. vulgata, 97% of P. ulyssiponensis and 100% of P. rustica). Only three individuals, morphologically identified as P. ulyssiponensis, had more than 5% of their genome assigned to other species (10% and 8% assigned to P. depressa in two individuals and 9% assigned to P. rustica in one individual), and none of them were successfully analysed for the locus PGD which is diagnostic for P. ulyssiponensis. The individual with 9% of its genome assigned to P. rustica was also heterozygous for GOT#2, which is a rare allele in P. ulyssiponensis but the most common one in P. rustica and P. depressa. The remaining two individuals were both heterozygous for the allele PEPD#3, which is the most common in P. depressa but is also present in P. vulgata and P. ulyssiponensis (estimated frequencies in P. ulyssiponensis between 0.2 and 0.3, see Appendix A). Additionally, one of these two individuals was heterozygous for GOT#2 and the other was heterozygous for GPI#4, which are alleles that are rare in P. ulyssiponensis but common in P. depressa. Two individuals, morphologically identified as P. depressa, had less than 95% of their genome assigned to this species; one of these individuals had 6% of its genome assigned to P. ulyssiponensis, probably due to the presence of allele GOT#3; the other individual had 6% of its genome assigned to P. rustica due to the presence of the allele PGD#6. No individuals showed a significant probability of admixture between species, not even the individuals with less than 95% of their genome assigned to a single cluster (p>0.01).
Genetic distances between species are described in Table 2 . These results suggest that P. ulyssiponen- sis and P. depressa are the most closely related taxa, while P. vulgata and P. ulyssiponensis seem to be the most differentiated ones.
DISCUSSION
Hybridisation between species
Although allozymes are becoming "out of fashion", their use may provide important answers to problems like species identification and the study of hybridisation. Our survey of ten allozyme loci showed high differentiation between the four limpet species, P. vulgata, P. depressa, P. rustica and P. ulyssiponensis, with no signs of gene flow between any of them. These results are in agreement with those of Gaffney (1980) and further extend these findings to P. rustica. Therefore it seems highly unlikely that the observation of a P. depressa mtDNA haplotype in P. vulgata (Koufopanou et al., 1999 see also Sá-Pinto et al., 2005 could be the outcome of gene flow between these species.
According to the results of BAPS, the great majority of individuals had more than 95% of their genome assigned to the species to which they were assigned according to morphological characters. Some individuals of P. depressa and P. ulyssiponensis had between 90 and 95% of their genome assigned to these taxa, due to the occurrence of shared alleles between species. The finding of shared alleles between species can be explained by maintenance of ancestral alleles, homoplasia or hybridisation between species. Some of the shared alleles, like GOT#2 and PEPD#3, occur in two or more species with frequencies higher than 20% in at least two of them, suggesting the maintenance of ancestral polymorphism as the most probable hypothesis. Shared alleles may also represent homoplasic electromorphs that resulted from the combination of different net charges and sizes for different alleles (Ramshaw, 1979) . Although we cannot reject the occurrence of rare events of hybridisation, the high divergence between species revealed by mtDNA (Sá-Pinto et al. 2005) , and the absence of first and second generation hybrids evidenced in the present survey and that of Gaffney (1980) , make hybridisation the least likely explanation for the occurrence of shared alleles.
Although there is a considerable overlap of the spawning seasons of P. vulgata and P. depressa on the Portuguese coast (Guerra and Gaudêncio, 1986) , no signs of hybridisation were found in the present work. Since the distribution ranges of P. vulgata and P. depressa only overlap between southern England and southern Portugal, the present study and the one by Gaffney (1980) have almost covered their entire overlapping area, thus reducing the probability of different environmental conditions favouring the existence of hybrids in one place relative to the other. Although we cannot completely rule out the possibility that a very rare event of hybridisation between these two species had resulted in mtDNA introgression, the result of Koufopanou et al. (1999) is, according to both mtDNA and allozymes (Sá-Pinto et al. 2005; Gaffney 1980 ; present work), most likely explained by a sample misidentification or laboratorial contamination, as previously suggested by Sá-Pinto et al. (2005) .
Despite the increasing use of DNA sequences in phylogenies, the use of allozymes as complementary data has some major advantages since allozyme data are usually composed of multiple unlinked nuclear loci. Therefore, phylogenies inferred from multiple allozyme loci are less frequently misled by mismatches between gene trees and species trees than phylogenies based on a single DNA locus (Wiens, 2000) . According to Nei's standard genetic distances (Nei, 1972, see Table 2 ), P. ulyssiponensis and P. depressa are the most closely related species and P. vulgata is the most differentiated one. P. rustica is intermediate and closer to P. depressa and P. ulyssiponensis than to P. vulgata. The closer phylogenetic relationship between P. ulyssiponensis and P. depressa is in agreement with the tree obtained with three mtDNA genes (12s, 16s and COI) and disagrees with that obtained only with COI (Sá-Pinto et al, 2005 , Mauro et al., 2003 . However, the COI fragment analysed was shown to be saturated at this level of divergence (Sá-Pinto et al, 2005) , thus increasing the reliability of the phylogeny inferred from the three mtDNA genes and supported by the genetic distances estimated from allele frequencies in allozyme loci. (Nei, 1972) between species, based on ten polymorphic allozyme loci. 
Intraspecific variability and genetic substructuring
All loci were polymorphic between species but their intraspecific variability changed from species to species, with different loci being polymorphic in different species. This information may provide important clues for choosing loci to investigate population structure within species, for studying population evolutionary history or even for identifying different genetic stocks for management purposes. Although the electrophoretic methods and loci analysed were not exactly the same, the values of expected heterozygosity obtained for P. depressa, P. vulgata and P. rustica were generally lower than those reported in previous studies (Gaffney, 1980; Sella et al. 1993; Hurst and Skibinski, 1995; CorteReal et al., 1996a and 1996b; Weber and Hawkins, 2006) , while for P. ulyssiponensis they fell within the range described in other works (Gaffney, 1980; Lavie et al., 1987; Sella et al. 1993; Corte-Real et al., 1992; Weber et al., 1998; Weber and Hawkins, 2005) . The pattern of higher diversity in P. ulyssiponensis and lower diversity in P. depressa is also in agreement with the results of Gaffney (1980) . The absence of significant genic and genotypic differentiation between sampling locations (with the exception of MPI in P. vulgata) suggests the occurrence of high gene flow across the sampled area for the four species. The presence of a pelagic larval stage and the relatively small geographic distances between locations may account for the high homogeneity observed.
Strong HW disequilibrium was found at P. vulgata sampling locations, due to significant deficit of heterozygotes. Numerous hypothesis have been put forward to explain the deficit of heterozygotes observed in limpet species, such as misinterpretation of gels, aneuploidy, null alleles, selection, inbreeding and the Wahlund effect (see review in Weber and Hawkins, 2006) . We believe that the observed deficit of heterozygotes does not result from misinterpretation of gels and the high excess of homozygotes also fails to support the hypothesis of aneuploidy. This left us with three hypotheses to explain the observed HW disequilibrium: i) inbreeding and /or the Wahlund effect; ii) the occurrence of a null allele and iii) selection acting in MPI.
The two clusters recovered within P. vulgata may indicate the existence of two differentiated forms within this species, occurring at all sampling locations. Restricted gene flow between these two forms is supported by the significant differentiation observed between them not only in MPI but also in PGD. According to these results, inbreeding and the Wahlund effect would be the most likely explanations for the deficit of heterozygotes detected in MPI. However, only one of the two clusters recovered by BAPS was in agreement with HW expectations for MPI, suggesting that the existence of these two subpopulations within P. vulgata does not fully explain the observed lack of HW equilibrium. Thus, alternative hypotheses of selection acting on MPI or the occurrence of a null allele cannot be ruled out.
The existence of a null allele in MPI could explain the observed heterozygote deficiency, but the monomeric structure of this enzyme makes it more difficult to detect this kind of allele than in those enzymes where heterodimers are present. In a survey involving autossomal and X-linked loci of Drosophila melanogaster, Voelker et al. (1980) found that null alleles were present in 13 out of the 25 loci. All the null alleles found in this study were present in such low frequencies that they were unable to cause a significant heterozygote deficit (maximum frequency observed 0.9%). In fact, null alleles are usually found in low frequencies due to expected lower viability of their carrier individuals. However, these alleles may achieve higher frequencies, depending on the importance of the enzyme function and on enzyme redundancy (Voelker et al., 1980) .
Another possible explanation for the observed heterozygote deficiency in MPI is the occurrence of different selective pressures across the beach in this locus. In Semibalanus balanoides (Schmidt and Rand, 1999) MPI was shown to be under strong selection with different alleles being selected in different areas of the beach. These authors argued that organisms that ingest high amounts of algae (which are rich in mannose) and are exposed to thermal and anaerobic stress may be a target of selection at this enzyme. In fact, like other limpets, P. vulgata feeds on algae and, due to its position in the intertidal zone, is exposed to thermal and anaerobic stress in each tidal cycle making this species a potential candidate for selection in MPI.
To further investigate the causes of the HW disequilibrium observed in MPI and to distinguish between alternative hypotheses, additional studies are necessary with a sampling scheme like that used by Schimdt and Rand (1999) 
